The mechanical properties of GH4169 alloy sheet after cold rolling (at 0%, 10%, 30%, 50% and 70%) and solid solution were investigated. The textures and Taylor factors were characterized using electron backscattering diffraction (EBSD). The fractions of δ phase were measured by X-ray diffraction. The contributions of δ phase, grain size, texture, and work hardening on the mechanical properties were also discussed. The results showed increases in the yield strength (YS) (0.2%) as well as the ultimate tensile strength (UTS) of GH4169 superalloy sheet after cold rolling, when rolling reduction was increased. In contrast, following solid solution treatment, YS and UTS were increased then subsequently decreased. The changes of yield strength of GH4169 superalloy were attributed to the texture and work hardening, followed by the grain refinement and precipitation of δ phase. When the rolling reduction was below 30%, the influence of δ phase was greater than grain refinement and when the rolling reduction was larger than 50%, the controversial results occur. The precipitation of δ phase promoted the improvement of yield strength, the relationship between the fraction of δ phase and improved yield strength satisfactory fit to the following equation: σ δ = 15.9W δ + 59.7.
Introduction
GH4169 alloy is a nickel base superalloy (modified IN718) strengthened by the precipitation of ordered body centered cubic (BCC) γ"-Ni 3 Nb and ordered face centered cubic (FCC) γ 1 -Ni 3 (Al, Ti) [1, 2] . It is extensively used in aerospace, nuclear, and petrochemical industries because of its excellent mechanical properties, good oxidation resistance, and corrosion at elevated temperature. The strengthened phase of γ" is metastable [3] [4] [5] [6] , which can be transformed to the orthogonal thermodynamic equilibrium δ-Ni 3 Nb phase below 900˝C. However, when the temperature is >900˝C, the δ phase can also be precipitated directly from the matrix [7] . The δ phase existed in the GH4169 alloy plays important effects on the creep properties and microstructure's evolution [8, 9] . It reduces the notch sensibility and controls the grain growth through precipitation on the grain boundaries [10] [11] [12] . The effect of δ phase on the hot deformation behavior and plasticity of GH4169 superalloy has been widely analyzed. The existence of δ phase results in the decreasing of flow stress and makes the flow stress reached a peak value at small strain. Besides, the δ phase increases the strain rate sensitivity exponent, it decreases the strain hardening exponent [13] . Zhang [14] discussed the initial δ phase on the hot tensile deformation behavior of a Ni-based superalloy. The results showed that δ phase causes obvious work hardening at the beginning of hot deformation and accelerates flow softening via promoting the dynamic recrystallization with further strain. Therefore, the Delta Process became the most widely used components in aerospace applications. It successfully utilizes the pre-precipitated δ phase prior hot deformation to obtain fine grains through the pinning effect on the grain boundaries. Recently, cold rolling technology was firstly adopted to form blades, based on the requirements of precise forming and fatigue strength improvement.. Liu et al. [15] analyzed the phases' fraction of cold rolled Inconel 718. They found that the process of cold rolling promoted the precipitation of δ phase. Although, it increased the δ phase's fraction, the fraction of γ" phase was decreased oppositely. So, adjusting the δ phase's fraction is important to get the best performance of GH4169 alloy at room-temperature [11] .
There were some results acquired in previous research, but they were mainly focus on the phases' precipitation after cold deformation, little attention was paid on the mechanical properties of GH4169 alloy after cold deformation or heat treatment. For the blade forming, these two processes were both important to the final properties of blades. Especially the period of annealing at 980˝C, it not only determined the phase content, but also has a significant effect on the grain refinement [8, 10, 11] . Besides, the texture and its effect on the mechanical property of alloy were also needed to be paid attentions [15, 16] . The final mechanical properties of GH4169 alloy would be affected by the factors mentioned above. Moreover, to understand how much they would provide a theoretical guidance for further process optimization of cold rolling technology. So, the grain size, texture, phase fraction after cold rolling and heat treatment and their effects on the mechanical properties of GH4169 alloy at room temperature were needed to be analyzed.
Experimental Procedures
The cold rolled GH4169 superalloy sheet with the size of 70ˆ21ˆ2.5 mm was used in this Figure 1 .The annealing sheets were firstly cold rolled to different reductions in thickness, i.e., 0%, 10%, 30%, 50% and 70% (named cold rolled specimen, CRS), then solid solution treated at 980˝C/1 h (named solid solutioned specimen, SSS). The tensile tests were carried on the MTS E45 (MTS, Eden Prairie, MN, USA) at the velocity of 1 mm/min to acquire the 0.2% yield strength (YS) and ultimate tensile strength (UTS). The microstructures were observed on Zeiss Observation Z1m optical microscope (Carl Zeiss AG, Baden, German). The Electron Backscattered Diffraction (EBSD) data were acquired on the Hitachi S3400N scanning electron microscope (Hitachi Ltd, Tokyo, Japan) with Oxford Instrument HKL system (Oxford Instruments, Oxfordshire, UK). The scan step was 1 µm and the voltage was 20 kV. Phases of the alloy with different cold rolling reductions were measured by RigakuD/max-γA diffractometer (Hitachi Ltd, Tokyo, Japan) and the weight percentages of δ phase were calculated according to Liu et al., methodology [17] which the error can be controlled within 10% [18] [19] [20] . Additionally, other annealing experiments were carried out to obtain the values of K and σ 0 in the Hall-Petch relationship. They were heated rapidly at 1000˝C and 1040˝C for 1 h separately to avoid the influence of δ phase. 
Results and Discussion

Microstructure Evolution
The microstructure evolution of cold rolling and solid solution are shown in Figure 2 . As can be seen, the increases of rolling reduction elongate the grains along the rolling direction. Meanwhile, plenty of deformation bands were formed, as shown in Figure 2a ,b. After solid solution, δ phase gradually precipitated and its morphology transformed from needle-shaped to particle-shaped. The morphology of δ phase (when the rolling reduction = 30%) was needle-shaped and preferentially precipitated on the grain and twin boundaries. δ phase was also precipitated on the deformation bands and it was relative to small content, as shown with the black arrows in Figure 2c . On the other hand, when the rolling reduction reached 50%, the morphology of δ phase was mainly particle-shaped and largely precipitated both on the boundaries and deformation bands of grains, as shown with the black arrows in Figure 2d . Clearly, it reveals that large rolling reduction not only promotes the precipitation of δ phase, but also leads to the transformation of its morphology. However, distinguishing from the one formed in the hot deformation or heat treatment temperature below 900˝C, Notably, the particle-shaped δ phase in this paper neither originated from the phase transformation of γ" Ñ δ nor spheroidized by deformation breakage or dissolution breakage. Obviously, it is related to the deformation bands and vacancies formed in the cold rolling process and the static recrystallization occurred in the heat treatment. When the rolling reduction reached 50%, static recrystallization was occurred at 980˝C which can be seen in later analysis. It weakens the orientation relationship between δ phase and matrix. Besides, high-angle grain boundaries were increased due to static recrystallization. It reveals that the deformation energy is high on these grain boundaries, which can result in the δ phase preferentially precipitated with a high energy (but not stable state), i.e., particle-shaped. Figure 3 demonstrates the diffraction patterns and phase fractions (wt. %) of SSS with different rolling reductions. It shows that the diffraction peaks of δ phase were gradually developed with the increases of rolling reduction, as shown with the arrow in Figure 3a . With the rolling reduction increasing from 0% to 30%, fraction of δ phase increases from 1.82% to 3.52%. When the rolling reduction reached to 70%, the fraction increased to 6.93%. The increase of δ phase's fraction was due to the large deformation during cold rolling process. In the process of cold rolling, the super vacancies were firstly formed with dislocations. However, in the heat treatment, Nb atoms were easily attracted by the super vacancy and finally form the vacancy-Nb atom pairs. Subsequently, the vacancy-Nb atom pairs diffuse to the defect rich on the deformation bands. It provides the necessary condition for the mass nucleation of δ phase, because of Nb element's non-equilibrium segregation. So the fraction of δ phase was increased with the rolling reduction after heat treatment. 
Phase Fraction
Mechanical Properties
The mechanical properties will are changed due to the microstructure evolution and phase precipitation. The YS and UTS of CRS and SSS are shown in Figure 4 . From Figure 4a ,b, it can be seen that the YS and UTS of CRS increase with the increase of rolling reduction. On the contrary, the YS and UTS of SSS firstly increased then slightly decreased, when the rolling reductions increased. The YS and UTS of un-deformed CRS (0%) were 379.4 and 858.5 MPa, respectively. After cold rolling, the YS and UTS increased by 195.2 and 183.2 MPa, when the rolling reduction increases from 0% to 30%, respectively. When the rolling reduction reaches 70%, they further increases by 156.3 and 219.6 MPa separately comparing to the rolling reduction of 30%. After solid solution, the YS and UTS of un-deformed SSS0% were 457.3 and 923.2 MPa, respectively. They increased by 77.9 and 64.7 MPa compared to un-deformed CRS, as shown with the arrow in Figure 4 . With increasing the rolling reduction to 30%, the YS and UTS of SSS increased to 624.1 and 1136.1 MPa; and 166.8 MPa and 212.9 MPa, respectively. However, when the rolling reduction reaches to 70%, the YS and UTS decreased to 593.6 and 1111.3 MPa, and 30.5 MPa and 24.8 MPa, respectively. These variations are relative to phase precipitation, static recrystallizaiton, texture and work hardening. 
Discussion
Strength Variation after Cold Rolling
In the process of cold rolling, the movement and tangle of dislocations formed a lot of deformation bands and sub-grain structure, as shown with black arrows in Figure 5a ,b. The texture of {110} <112> C type was formed simultaneously, as shown in Figure 5d ,e. When reduction ratio reached to 50%, the sub-grain structure and the texture were slightly reduced and weakened respectively as shown in Figure 5c ,f. From Figure 5a -c, it can be seen that the grain size were changed with the increases of rolling reduction. From 0% to 30%, the grain size decreases from 11.9 to 11.7 µm. Further decline (9.8 µm) was recorded, when the rolling reduction increases to 50%.
To get the values of K and σ 0 in Hall-Petch relationship, size of 33.8 and 82.5 µm grains were acquired by annealing to the original sheet at 1000˝C and 1040˝C for 1 h, separately. Their corresponding YS were 347.6 and 313.84 MPa, separately. By linear fitting, the values of K and σ 0 were 547.1 MPa¨mm 1/2 and 253.6 MPa, respectively. In turn, the Hall-Petch relationship based on the GH4169 superalloy can be expressed:
where σ d is the YS' variable value due to grain size, d is the average grain size. According to Equation (1), it can be implied that the grain size after cold rolling just has a small effect on the YS after cold rolling. Therefore, it is neglected in this part.
Except the grain sizes, the textures are also changed, as shown in Figure 5d -f. Taylor factor is a function of grain orientation and applied stress field. Therefore, the effect of texture evolution on the YS of CRS can be expressed [16] :
where ∆σ T is the YS' variable value due to texture evolution, M i , M j are the average values of Taylor factor under different rolling reductions, τ i , τ j are critical shear stress which can be calculated:
where τ 0 is the stress necessary to move a dislocation in the absence of other dislocations. It is also neglected due to its small value [21] . α = 0.5 is a constant value between 0.3 and 0.6 [21] . G = 76.3 GPa is the shear modulus. b = 36.3´8 cm is the Burgers vector. ρ is the dislocation density, which describes the level of work hardening and can be calculated as following [22] :
where β is the full wave at half maximum (FWHM) for diffraction peak at halof GH4169 superalloy. From Equations (2)- (4), it can be seen that Equation (2) describes the coordinate effect of texture and working hardening on the YS. Figure 6 is the evolution of Taylor factors under different rolling reduction of CRS. It shows that it firstly increases from 3.017 to 3.083, then decreased to 3.018. The Taylor factor under different rolling reductions do not change so much due to its FCC structure. According to Equations (2)-(4), the effects of texture and work hardening on the YS of CRS are shown in Table 1 . When cold rolling reduction increases from 0% to 30%, the contribution of texture and work hardening on the YS was approximately 233.4 MPa. When the rolling reduction reaches to 50%, the contribution was further increased by 109.9 MPa. It has the same trend with experiment results, as ∆σ c shown in Table 1 . Although the Taylor factors did not change so much during cold rolling process, the texture does have a great influence on the YS of CRS with the help of work hardening, including deformation bands and sub-grain structures.
Strength Variation after Solid Solution
After solid solution, δ was precipitated, except grain and texture's evolutions, which can be seen from Figures 2 and 3 .
When the rolling reduction was below 30%, the dislocation density was obviously reduced, due to static recovery during solid solution and the appeared annealing twins (red lines in Figure 7a ,b. In turn, the influence of work hardening was weakened, however, the texture of {110} <112> C type was reserved (Figure 7d,e) . The maximum values of pole density are nearly the same as the situation of CRS. However, when the rolling reduction reached 50%, static recrystallization occurs, as shown in Figure 7c . Not only, it leads to the decreases of dislocation density and grain size, but also decreases the maximum values of pole density from 4.88 to 2.70 (Figure 7f ). After solid solution, the grain size of SSS with rolling reduction 0%, 30%, and 50% were 11.6, 11.5 and 5.1 µm respectively. For the situation of rolling reduction under 0 and 30%, the effect of grain size on the YS of SSS was ignored because of small differences. However, when the rolling reduction reached 50%, the grains were refined a lot due to static recrystallization. The contribution of grain size on the YS of SSS reach 81.4 MPa compared to rolling reduction under 30%. There might be a critical rolling reduction for static recrystallizaiton of cold rolled GH4169 superalloy sheet; the assumption that needs further research works.
During the solid solution, the texutre was also changed due to static recrystallizaiton. The evolution of Taylor factor under different rolling reduction of SSS was shown in Figure 8 . The Taylor factor was firstly increased from 2.877 to 3.012 then it decreased to 2.924. According to Equations (2)- (4), the effects of texture and work hardening after solid solution on the YS are shown in Table 2 . When rolling reduction increased from 0% to 30%, the contribution of texture and work hardening on the YS was approximately 146.2 MPa; whereas, the contribution decreased by 131.4 MPa, when the rolling reduction reaches to 50%. Even though, we might consider the improvement of grain refinement on the YS, there is still a big difference between the calculated and experimental values, as ∆σ c shown in Table 2 . It might be considered that c the precipitation of δ phase has an effect on the YS of SSS. In Figures 3b and 4a , there was 1.82% (wt. %) of δ phase precipitated from un-deformed specimen during solid solution. Meanwhile, the corresponding YS was increased by 77.9 MPa.
Considering the fraction of phase and the changes of YS [23] , there is a liner relationship between the fraction of δ phase and yield strength's improvement, expressed as σ δ " 15.9W δ`5 9.7 (5) where σ δ is the contribution of δ phase to yield strength's improvement of GH4169 superalloy, W δ is the fraction (wt. %) of δ phase. According to Equation (5), when the fraction of δ phase increased from 1.82% to 3.5%, the contribution of δ phase on the YS of SSS increased from 88.6 MPa to 115.7 MPa, and 27.1 MPa, respectively. When the rolling reduction reaches to 50% and the fraction of δ phase increases to 6.93%, the contribution was also increased to 169.9 MPa. It increases by 54.2 MPa compared to 30% rolling reduction is 30%; however, YS still reveals a decreasing trend. When the rolling reduction reaches <50%, the texture and work hardening were completely disappeared, due to static recrystallization. It leads to YS decrease by 131.4 MPa according to Equations (2)- (4), as shown in Table 2 . Besides, according to Ref. [1] , it shows that when the second phase precipitated from the matrix, the contribution of solid solution strengthening decreased approximately to 20 MPa due to consumption of the strengthening elements. Therefore, considering the influence of δ phase's precipitation on the solid solution strengthening, the reason of the decreasing yield strength when the rolling reduction is larger than 50% are grain refinement, precipitation of δ phase, disappear of texture and work hardening. Moreover, the influence degrees are in the following order: texture and work hardening > grain refinement > precipitation of δ phase.
Conclusions (1)
Following the increase of cold rolling reduction, the yield strength and ultimate tensile strength of GH4169 superalloy sheet were substantially increased, however, they were increased then decreased following solid solution. (2) The main reasons for yield strength changes of GH4169 superalloy are texture and work hardening, followed by the grain refinement and precipitation of δ phase. When the rolling reduction was below 30%, the influence of δ phase was greater than grain refinement and the opposite happen when the rolling reduction was larger than 50%. (3) The precipitation of δ phase promotes the improvement of yield strength and the relationship between the fraction of δ phase and the improvement of yield strength satisfies the following equation: σ δ = 15.9W δ + 59.7.
